Introduction
============

Cancer incidence worldwide is rising, with a recent estimate predicting an increase in all cancers from 12.7 million new cases in 2008 to 22.2 million by 2030.[@b1-ijgm-7-049] The five most frequently occurring cancers are those of lung, breast, colorectum, stomach, and prostate.[@b2-ijgm-7-049] Cancer represents a broad group of pathophysiologies, typically starting with uncontrolled multiplication of cells, giving rise to a primary tumor. Secondary tumorigenesis (metastasis) may then follow, although this can be independent of the initial proliferative activity. The overall process is strongly epigenetic, in which external factors (chemical, physical, and biological) play significant roles. The chance of developing cancer increases with age, likely due to an overall accumulation of risk factors coupled with a tendency for cellular repair mechanisms to become less effective. The most life-threatening aspect of cancer is metastasis, in which tumor cells break away from the primary lesion and spread around the body via the bloodstream or lymphatic system. The cancer cells that survive, ultimately reaching distant sites, either remain dormant as micro-metastases or re-proliferate to form secondary tumors, in organs such as lungs, liver, brain, and bones ([Figure 1](#f1-ijgm-7-049){ref-type="fig"}).[@b3-ijgm-7-049],[@b4-ijgm-7-049] Importantly, metastasis depends upon two-way interactions between the cancer cells themselves and the surrounding stroma. Thus, the biochemical makeup of the tumor micro-environment plays a crucial role in cancer progression.

Pain follows as an integral part of the disruptive nature of cancer growth (primary or secondary). This can seriously diminish patient quality of life and be a major cause of fear.[@b5-ijgm-7-049] Cancer-related pain is estimated to affect some 9 million people worldwide each year either as the direct result of tumor development (75%--80% of patients) or the indirect side-effect of treatment (15%--20%).[@b6-ijgm-7-049] The prevalence of pain in cancer is estimated at 25% (newly diagnosed), 33% (undergoing treatment), more than 75% (advanced disease), and 33% (post-treatment).[@b7-ijgm-7-049] As many as 90% of patients with advanced cancer suffer from debilitating chronic pain, which can be hard to treat, leading to increased morbidity, mental health problems, such as depression, and significantly reduced quality of life.[@b8-ijgm-7-049]

The pathophysiology of cancer pain is complex, involving inflammatory, neuropathic, ischemic and compression mechanisms that can occur at multiple sites. Cancer pain can result from the growing primary tumor putting pressure on nerves and bones and/or as nearby tissues are destroyed. Secondary tumors may also cause pain, as in the case of bone metastases, which occur in 90% of patients with advanced cancers of breast, prostate, or lung.[@b9-ijgm-7-049] In particular, cytokines produced by the tumor cells and/or the cells in the bone micro-environment activate osteoclasts and thus contribute to the signaling of cancer-associated pain in bones.[@b10-ijgm-7-049] Compression of the spinal cord occurs when a tumor grows on the spine. Visceral and neuropathic pain are also hallmarks of cancer; visceral pain can result when tumors obstruct the bowel or enlarge the liver capsule. Neuropathic pain arises following injury to peripheral or central neurons. Additional pain may result from diagnostic tests (biopsies, etc) and therapies, including cytotoxic chemotherapy and radiotherapy treatments that often produce peripheral neuropathies and other types of pain.

It is becoming increasingly apparent that there are individual and gender differences in the way pain is perceived, and that its severity does not always correlate with the severity of tissue damage.[@b11-ijgm-7-049] For example, around 20% of patients do not respond to morphine, or experience excessive side effects, or both.[@b12-ijgm-7-049] Such variability highlights the importance of developing more personalized treatments.

The widespread incidence of pain among cancer patients and survivors necessitates its management in as many different ways as possible. This is a two-part review dealing with this topic. In Part 1, we first give an overview of the orthodox pharmaceutical therapies used to treat cancer pain. Then we review in more detail the more recent evidence suggesting that some common analgesics given to cancer patients may also have an impact (negative or positive) upon the cancer process itself. As far as we are aware, this issue is being reviewed broadly for the first time here. In Part 2, we discuss the range of non-pharmaceutical treatments that may be integrated with conventional therapies for control of cancer pain.

Orthodox analgesics given to cancer patients: an overview
=========================================================

A range of pharmacological therapies is available for control of cancer pain. Non-opioid analgesics -- acetaminophen and nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin and ibuprofen -- are well established and used commonly as single agents to control mild to moderate cancer pain.[@b13-ijgm-7-049] When used in combination with opioids, these products may provide additive pain relief, allowing the opioid dose to be reduced, and resulting in fewer opioid-related side effects.

Gamma-aminobutyric acid (GABA) is a major inhibitory neurotransmitter synthesized and released by neurons mainly in the central nervous system. Benzodiazepines, such as valium, which impinge upon GABA~A~ receptors and enhance GABAergic signaling, are widely used as analgesics.[@b14-ijgm-7-049] Gabapentin, a GABA "mimetic" (ie, it shares some structural homology with GABA), is an effective analgesic commonly prescribed to cancer patients to reduce neuropathic and postoperative pain. Gabapentin is not toxic at high clinical doses, is thought to have few side effects and does not interact adversely with other drugs.[@b15-ijgm-7-049] Although a GABA analog, gabapentin acts mainly on the α2δ subunit of voltage-gated calcium channel (VGCC).[@b16-ijgm-7-049] Much work has been conducted on the effectiveness of gabapentin in reducing neuropathic pain in both animal models and humans. Pregabalin, which has a similar mode of action to gabapentin, is also prescribed extensively to control neuropathic and postoperative pain, and multiple trials have shown that it is safe and effective.[@b17-ijgm-7-049]

Cannabinoids, effective against chronic neuropathic pain, can be included among adjuvant medications for palliative care of cancer patients. For example, a novel cannabinoid formulation, nabiximols, may be a useful add-on analgesic for patients with opioid-refractory cancer pain.[@b18-ijgm-7-049] A randomized, double-blind, placebo-controlled, graded-dose study on 360 patients with advanced cancer showed that nabiximols is efficient and safe at low to medium doses. A recent, small-scale study of 12 healthy male volunteers suggests that the psychoactive ingredient of cannabis can make the experience of pain more tolerable rather than reducing the intensity of the pain.[@b19-ijgm-7-049] The authors used functional magnetic resonance imaging to examine the effects of the naturally occurring cannabinoid, delta-9-tetrahydrocannabinol, on brain activity associated with cutaneous pain and hyperalgesia temporarily induced using capsaicin. The analgesic effect on hyperalgesia was linked to diminished activity in the cingulate cortex, whilst the drug-induced reduction in "unpleasantness" was correlated with activity in the right amygdala, known to be primed by pain.

Generally used for moderate to severe pain, opioids include morphine, hydromorphone, oxycodone, hydrocodone, codeine, fentanyl, and methadone. These are the mainstay of the World Health Organization three-step analgesic "ladder," first proposed in 1986, which provides some 71%--100% of patients with adequate analgesia when used appropriately.[@b9-ijgm-7-049] Various other guidelines are in place.[@b20-ijgm-7-049] However, up to 30% of patients do not respond to morphine, or experience excessive side effects, or both.[@b21-ijgm-7-049] In the multicenter European Pharmacogenetic Opioid Study, opioids were evaluated in pain management of 22 mesothelioma and 373 lung cancer patients receiving 30--960 mg and 10--5,072 mg, respectively.[@b22-ijgm-7-049] However, only 18% (four) of mesothelioma and 10% (seven) of lung cancer patients reported complete pain relief with opioids. Combining administration of methadone with another opioid to patients with moderate to severe pain resulted in improved pain control and seems safe, well tolerated, and practical.[@b23-ijgm-7-049]

A novel formulation, fentanyl pectin nasal spray, is showing promise in treatment of breakthrough cancer pain.[@b24-ijgm-7-049],[@b25-ijgm-7-049] The pectin-based delivery helps modulate fentanyl's transmucosal absorption, and the nasal formulation achieves a greater maximum plasma concentration than oral transmucosal fentanyl products, and at a much quicker rate. Throughout all phases of clinical studies, the fentanyl pectin nasal spray was shown to be safe and effective at doses between 100 and 800 μg per breakthrough pain episode. For the various oral formulations of fentanyl, a literature review identified relevant studies for a mixed-treatment meta-analysis to indirectly compare fentanyl preparations, morphine, and placebo for the treatment of breakthrough cancer pain.[@b26-ijgm-7-049] While fentanyl preparations provided better pain relief than placebo in the first half-hour after dosing, oral morphine performed little better than placebo.

A transdermal fentanyl matrix patch also exists, and was tested for up to 2 weeks in 474 Chinese patients with moderate-to-severe cancer pain.[@b27-ijgm-7-049] The study authors concluded that the product was safe and effective, and resulted in significant improvements in quality of life.

Denosumab is a monoclonal antibody drug that binds to RANKL, a protein involved in the formation, function, and survival of osteoclasts. Denosumab was evaluated against zoledronic acid in a randomized, double-blind Phase 3 clinical study of pain in 2,046 advanced breast cancer patients with bone metastases.[@b28-ijgm-7-049] The authors concluded that denosumab showed improved pain prevention and similar pain palliation when compared with zoledronic acid; also, fewer individuals receiving denosumab transitioned to the use of strong opioid analgesics.

Adjuvant analgesics (drugs with a primary indication other than pain) include a wide range of drugs and are normally combined with an opioid regimen to treat painful conditions.[@b29-ijgm-7-049] Some adjuvant analgesics that are useful in several painful conditions are termed "multipurpose adjuvant analgesics" (such as antidepressants, corticosteroids, α2-adrenergic agonists and neuroleptics). Others are specific for neuropathic pain (local anesthetics, anticonvulsants, N-methyl-D-aspartate \[NMDA\] receptor antagonists), bone pain (bisphosphonates, calcitonin, radiopharmaceuticals), musculoskeletal pain (muscle relaxants), or pain from bowel obstruction (anticholinergics, octreotide). Adjuvant medications include steroids, anxiolytics, antidepressants, hypnotics, anticonvulsants, antiepileptic-like gabapentinoids (gabapentin and pregabalin), membrane stabilizers, voltage-gated sodium channel (VGSC) blockers, and NMDA receptor antagonists for the treatment of neuropathic pain.[@b30-ijgm-7-049]

Possible impact of orthodox analgesics on cancer progression
============================================================

Clearly, cancer and pain are intimately associated, and a variety of analgesics and their combinations are used to control cancer pain. The question arises, therefore, whether painkillers prescribed routinely to cancer patients could themselves affect the cancer process. The current evidence is examined below.

NSAIDs
------

These generally inhibit the enzyme, cyclooxygenase-2, which normally causes swelling in response to inflammation and signals pain. Importantly, NSAIDs have also been associated with inhibition of cancer cell proliferation and metastasis.[@b31-ijgm-7-049],[@b32-ijgm-7-049] In particular, regular use of aspirin has been demonstrated consistently to reduce the incidence of numerous cancers, leading to the possibility of its usefulness as a preventative and/or therapeutic agent for cancer. In several randomized trials, daily use of aspirin was found to reduce the long-term (20-year) risk of developing several cancers and metastatic disease.[@b33-ijgm-7-049]--[@b35-ijgm-7-049] A risk reduction of around 10% was found among prostate cancer patients with slow-growing or aggressive tumors; a few case-control studies have indicated a favorable effect of aspirin on bladder cancer, although a modest but nonsignificant increased risk was reported for kidney cancer.[@b36-ijgm-7-049]

A large prospective cohort study of 64,839 people aged 50--76 years found that high doses of acetaminophen (more than 4 days per week for 4 or more years) was associated with an almost twofold increase in the risk of hematological malignancies other than chronic lymphocytic leukemia and small lymphocytic lymphoma.[@b37-ijgm-7-049] There was no association of increasing use of aspirin, nonaspirin NSAIDs, or ibuprofen with raised risk of incident hematological malignancies.

A recent meta-analysis by Choueiri et al[@b38-ijgm-7-049] concluded that acetaminophen and nonaspirin NSAIDs were associated with a significant risk of developing kidney cancer. The authors evaluated 20 studies (14 for acetaminophen, 13 for aspirin, and five for other NSAIDs) done in six countries and including 8,420 cases of kidney cancer. Use of acetaminophen and nonaspirin NSAIDs were associated with an increased risk of kidney cancer. For aspirin use, no overall increased risk was identified.

In conclusion, although there is a general trend for long-term NSAID use to reduce cancer incidence, adverse effects can also occur.

GABAergic drugs and GABA "mimetics"
-----------------------------------

There is some evidence that deregulation of the GABA system can cause or contribute to the onset of cancer.[@b39-ijgm-7-049] Indeed, some tumor characteristics, such as uncontrolled proliferation, can be induced by GABA itself.[@b40-ijgm-7-049] For example, Azuma et al[@b41-ijgm-7-049] and Takehara et al[@b42-ijgm-7-049] reported that GABA promoted prostate and pancreatic cancer. Azuma et al studied expression of GABA, glutamate decarboxylase, and matrix metalloproteinase (MMP) in the prostates of individuals with cancer or benign prostatic hypertrophy using immunohistochemical approaches. They concluded that raised expression of GABA may be involved in metastasis by promoting production of MMP in cancer cells, and that the GABA~B~ receptor pathway may be involved in the process. Takehara et al[@b42-ijgm-7-049] used the genome-wide cDNA microarray analysis of pancreatic ductal adenocarcinoma (PDAC) cells, along with reverse transcription-polymerase chain reaction and Northern blot analyses, to detect overexpression of GABA receptor π subunit (GABRP) in PDAC cells. The authors suggest that GABA and GABRP could have a key role in PDAC development and progression, a pathway that might hold promise as a molecular target for new therapies.

In contrast, Ortega[@b43-ijgm-7-049] proposed a generally inhibitory role of GABA on tumor cell migration. Overexpression of the ionotropic GABA~A~ receptor in PDAC cells stimulated proliferative activity, dependent upon the π subunit.[@b44-ijgm-7-049] Similarly, GABA induced proliferation of undifferentiated gastric carcinoma (KATO III) cells and increased their invasiveness.[@b45-ijgm-7-049] On the other hand, Zafrakas et al[@b46-ijgm-7-049] found that the GABA π subunit downregulated tumor cell progression in breast cancer but this effect was thought to be independent of GABA~A~ receptor function.

Al-Wadei et al[@b47-ijgm-7-049] suggest that targeted inhibition of stress-induced pathways may hold promise as an intervention to improve prognosis in PDAC. The authors noted that the poor prognosis of PDAC could be linked to psychological distress, promoted by beta-adrenergic signaling and that GABA inhibits these responses in in-vitro and in-vivo mouse models of PDAC. Thus, according to Al-Wadei et al,[@b47-ijgm-7-049] epinephrine-induced increase in proliferation and migration of PDAC cells were inhibited in a concentration-dependent way by the cyclooxygenase-2 inhibitor, celecoxib, and this effect was significantly increased by co-treatment with GABA.

There are several analgesic and mood-adjusting drugs that act upon GABA~A~ receptors, especially benzodiazepines and barbiturates,[@b48-ijgm-7-049] and promote GABAergic signaling. Some studies point to an antiproliferative effect of benzodiazepines, while others have demonstrated a link to neoplastic progression.[@b49-ijgm-7-049] However, the generally accepted clinical view is that benzodiazepine use is not associated with an overall cancer risk.[@b50-ijgm-7-049] Although barbiturates are not normally administered to cancer patients for pain, they can be used against seizure disorders and as anesthetics. As with benzodiazepines, there is some controversy in the literature over the possible cancer risk of barbiturates. Some studies have shown a weak positive association of barbiturate use with cancer, while others have revealed antiproliferative and potential anticancer effects.[@b51-ijgm-7-049]

As regards cell behaviors related to cancer, one study found gabapentin to be a low-level mitogen on isolated pancreatic cells of rats ([Figure 2](#f2-ijgm-7-049){ref-type="fig"}), although the effect was harder to detect in vivo.[@b52-ijgm-7-049] Also, gabapentin-lactam, a derivative of gabapentin (but not gabapentin itself) induced dendritic filopodia and increased motility in cultured hippocampal neurons.[@b53-ijgm-7-049] In contrast, gabapentin did not affect the proliferative activity of pancreatic tumor (AR42J) cells ([Figure 2](#f2-ijgm-7-049){ref-type="fig"}). Gabapentin induced pancreatic acinar cell neoplasia in male rats after a 2-year exposure, but this was not found be the case in mice.[@b54-ijgm-7-049] These results indicate that the effects of gabapentin may be gender-, species-, and dose-specific. In a case-control screening study of the possible association of gabapentin with 55 cancers, the only cancer that met the screening criteria for a possible increase was renal (including renal pelvis) cancer.[@b55-ijgm-7-049]

For pregabalin, Criswell et al[@b56-ijgm-7-049] found that this drug induced proliferation in mammalian endothelial cells in a species-specific manner. Also, other studies have shown that pregabalin increased incidence of hemangiosarcomas in mice but, again, that this was species-specific and, at clinical doses, there was no proliferative effect on various mammalian cells.[@b57-ijgm-7-049]--[@b59-ijgm-7-049]

In conclusion, although it would appear that GABAergic drugs and GABA "mimetics" are generally safe to use against cancer pain, the possibility of carcinogenicity, albeit small, cannot completely be ruled out at present, and should be carefully investigated considering their broad usage. In particular, for gabapentin, a commonly prescribed analgesic against cancer pain, it would seem essential to (1) perform further in-vitro mechanistic and in-vivo studies on human cancer cells to elucidate its possible cellular and molecular effects; and (2) monitor possible adverse effects of its long-term use by cancer patients.

Cannabinoids and opioids
------------------------

Several publications have suggested a relationship between cannabis use and certain types of cancer.[@b60-ijgm-7-049] In users under 40 years of age, cannabis has been suspected of increasing the risk of squamous cell carcinoma of tongue and larynx and possibly of lung, in dose-dependent fashion. Promotion of nonlymphoblastic acute leukemia and astrocytoma have also been suspected. An increased risk of head and neck cancer was observed in long-term (years) regular (more than once a day) smokers of cannabis. Epidemiological studies are needed to further clarify the apparent effects of cannabinoids on cancer.

A study in a mouse model suggested that cannabinoid receptor 2 agonists have potential as a novel treatment for breast cancer-induced bone pain, potentially achieving disease modifications including reduced bone loss, suppressed cancer growth, attenuation of severe bone pain, and increased survival -- apparently without the major side effects of current therapeutic options such as opiates.[@b61-ijgm-7-049] The inhibition of breast cancer proliferation was attributed to cytokine/chemokine suppression. In vitro, a cannabinoid receptor 2 agonist, JWH015, was found to reduce cancer cell proliferation and lower levels of inflammatory mediators that have been shown to promote pain, bone loss, and proliferation.

Following an initial report showing that morphine stimulates human microvascular endothelial cell proliferation and angiogenesis in vitro and in vivo,[@b62-ijgm-7-049] much work has been done to determine the potential impact of morphine on cancer. A recent paper by Qin et al[@b63-ijgm-7-049] highlighted the "double-edged sword" of morphine's impacts on cancer. These authors noted that although morphine may have potential to induce angiogenesis, when human gastric carcinoma MCG-803 cells were incubated with morphine, growth and proliferation of the cells were inhibited. Furthermore, the cells underwent morphological changes consistent with induction of apoptosis. Another recent paper by Gong et al[@b64-ijgm-7-049] hypothesized that morphine might induce cancer recurrence by disturbing the behavior of regulatory T cells, possibly through vascular endothelial growth factor receptor 2 and opioid receptors. These authors proposed that morphine affected neoplastic tissues by modulating immune responses and promoting angiogenesis, and that morphine might affect regulatory T cells by modulating the function of other immune cells or cytokines, such as tumor growth factor-β and interleukin-2.

The opioid, fentanyl, which is used to control cancer pain, could also affect tumor growth in many cell lines.[@b65-ijgm-7-049] These authors examined the impact of fentanyl on growth of human gastric carcinoma MGC-803 cells and expression of apoptosis-related genes such as nuclear factor-kappa-B and PTEN. It was found that fentanyl inhibited cell growth and proliferation, and led to arrest of the cell cycle at the G2/M phase. The cells also had a higher rate of apoptosis and appeared less motile.

Opium is also an emerging risk factor for gastric adenocarcinoma according to Shakeri et al.[@b66-ijgm-7-049] The authors found that long-term use of opium was linked to a higher risk of cancers of the esophagus, bladder, larynx, and lung. Their study enrolled 309 cases of gastric adenocarcinoma in Iran, and 613 matched controls. The effect was dose dependent.

In conclusion, it is impossible to conclude from the existing data whether the morphine-induced changes in tumor cell proliferation and invasion, inflammation, angiogenesis, and immune response might result in harm or benefit and both seem possible.[@b67-ijgm-7-049],[@b68-ijgm-7-049] This is likely to be due to the complexity of cellular pathways and physiological responses elicited by opioids (endogenous and exogenous) in vitro and in vivo ([Figure 3](#f3-ijgm-7-049){ref-type="fig"}). Among the factors influencing the effect of morphine on metastasis are dose, duration, the route of administration, possible receptor desensitization/withdrawal effects, central versus peripheral actions, and the models employed, which can differ markedly in their opioid receptor expression, characteristics, and metabolism. Clearly, further work is required to elucidate the possible impacts of morphine in cancer patients.

Novel areas of research
=======================

The pharmacology of pain remains a very active field of research and development, and new analgesics and targets are being evaluated all the time in three complementary areas. First, there is continuing interest in the role of ion channels in analgesia research.[@b69-ijgm-7-049] Currently, ion channels, including VGCCs (especially Cav2.2 and Cav3.2) and VGSCs, eg, Nav1.7 and Nav1.8, are undergoing scrutiny as novel analgesic targets.[@b70-ijgm-7-049],[@b71-ijgm-7-049] Venom peptides from marine cone snails can target VGCC subtypes specifically, and a conotoxin-based drug (ziconotide), selectively inhibiting Cav2.2 and inducing analgesia in chronic pain states, has reached the market. However, its mode of administration (intrathecal) and adverse side-effects have restricted its clinical use. Novel Cav2.2 inhibitors are in development and may overcome the existing limitations. Importantly, both VGCC and VGSC signaling have also been implicated in the cancer process.[@b72-ijgm-7-049],[@b73-ijgm-7-049] In particular, functional upregulation of VGSCs occurs in carcinoma progression, VGSC activity promotes metastatic cell behaviors, and VGSCs have been proposed as viable targets for controlling metastasis.[@b74-ijgm-7-049] Accordingly, possible future use of VGSC blockers against cancer pain may produce significant additional benefit by suppressing metastasis. A variety of transient receptor potential (TRP) channels are also involved in both pain signaling[@b75-ijgm-7-049] and cancer.[@b76-ijgm-7-049] Second, purinergic and G-protein coupled receptors (eg P2X and P2Y) represent novel targets for analgesics.[@b77-ijgm-7-049],[@b78-ijgm-7-049] These receptors also are involved in cancer.[@b79-ijgm-7-049],[@b80-ijgm-7-049] Third, growth factors can also signal pain, modulate ion channel expression at a hierarchy of levels and can play a significant role in the cancer process itself. A particular analgesic focus is nerve growth factor and its receptors.[@b81-ijgm-7-049],[@b82-ijgm-7-049] Interestingly, also, use of local anesthetics, such as lidocaine, during cancer surgery can subsequently lead to lesser pain, reduced dependence on morphine, and even a reduced chance of the cancer reoccurring due to the suppression of the "showering" of tumor cells during the surgery.[@b83-ijgm-7-049],[@b84-ijgm-7-049]

Conclusion
==========

In overall conclusion, cancer pain, originating from a variety of sources in the body, continues to be a major problem, reducing the quality of life of cancer patients and survivors. Although there are many orthodox analgesics in use for treatment of pain, most of these are only partially effective (less than 30% in placebo-controlled trials) and many have unpleasant side-effects (eg, gastrointestinal, and cognitive) and abuse potential.[@b85-ijgm-7-049] New pharmacological approaches to pain management are being developed based on our evolving understanding of the mechanisms involved in pain. Finally, importantly, the potential of common analgesics (in current or future use) to impact upon cancer development and progression, both positively and negatively, is not just intriguing but needs further investigation and continued clinical evaluation.
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![The steps involved in tumor-cell metastasis from a primary site to the skeleton. Each of these steps represents a potential therapeutic target to reverse or prevent metastatic bone disease. The primary malignant neoplasm promotes new blood-vessel formation, and these blood vessels carry the cancer cells to capillary beds in bone. Aggregates of tumor cells and other blood cells eventually form embolisms that arrest in distant capillaries in bone. These cancer cells can then adhere to the vascular endothelial cells to escape the blood vessels. As they enter the bone, they are exposed to factors of the microenvironment that support growth of metastases.\
**Note:** Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Cancer, Mundy GR, Metastasis to bone: causes, consequences and therapeutic opportunities, Nat Rev Cancer, 2002;2:584--593, copyright © 2002.[@b3-ijgm-7-049]](ijgm-7-049Fig1){#f1-ijgm-7-049}

![Dose-dependent effects of gabapentin on pancreatic cell proliferation measured by uptake of ^3^H-thymidine. Compared with untreated cells, gabapentin induced proliferation of normal pancreatic acinar cells by 140%--220% after 18-hour incubations. The effect was statistically significant for 1 and 10 μg/mL. In contrast, gabapentin had no effect on proliferation of pancreatic cancer AR42J cells. Similar to the normal acinar cells, thymidine incorporation in AR42J cells decreased below control levels at gabapentin concentrations of 1 mg/mL and above, probably due to cytotoxicity at the high concentrations.\
**Notes:** \*denotes significant difference in the values of the respective pairs of histobars (*P*\<0.05). Reproduced from Dethloff L, Barr B, Bestervelt L, Bulera S, Sigler R, LaGattuta M. Gabapentin-induced mitogenic activity in rat pancreatic acinar cells. Toxicological Sciences. 2000;55:52--59. Copyright © 2000, by permission of Oxford University Press.[@b52-ijgm-7-049]](ijgm-7-049Fig2){#f2-ijgm-7-049}

![Possible mechanisms of opioid receptor-mediated influence of morphine on tumor growth. Morphine binds to the μ-opioid receptor and stimulates a range of signaling pathways, and can thus promote different aspects of the cancer process as follows: (1) MAPK/ERK pathway, promoting cell cycle progression; (2) PI3K/Akt pathway, mediating anti-apoptotic effects; (3) UPA expression upregulation and secretion, promoting metastasis; (4) transactivation of VEGF receptors which induces angiogenesis; and (5) suppression of the function of T-lymphocytes, leading to immunosuppression. (+) and (−) denote stimulation and inhibition, respectively.\
**Note:** Reproduced from Naunyn Schmiedebergs Archives of Pharmacology, 384/3, 2011, 221--230, The role of morphine in regulation of cancer cell growth, Gach K, Wyrębska A, Fichna J, Janecka A, copyright © 2011, with kind permission from Springer Science and Business Media.[@b67-ijgm-7-049]\
**Abbreviations:** ECM, extracellular matrix; EGF, epidermal growth factor; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol 3′-kinase; RhoA, ras homolog gene family member A; UPA, urokinase plasminogen activator; VEGF, vascular endothelial growth factor; Src, non-receptor tyrosine kinase; Akt, protein kinase B.](ijgm-7-049Fig3){#f3-ijgm-7-049}
